Abstract-An open-ended coaxial sensor for the determination of complex permittivity and moisture content of oil palm fruits is presented in this paper. The measurement system consisting of the sensor and a PC-controlled vector network analyzer have been tested successfully on a range of oil palm fruits of various degrees of ripeness. The initial values of the complex permittivity were estimated using the admittance model of the sensor. The amount of moisture content was found by matching the values of permittivity from the quasistatic model with the permittivity of a dielectric mixture model using the moisture content values obtained from the standard oven drying method.
I. INTRODUCTION
T HE conventional method to determine the ripeness of the oil palm bunch is by using the number or percentage of detached fruits per bunch [1] . However, this method has the disadvantage that it does not relate to oil quality and quantity. Previous work [2] has shown a close relationship between oil content and moisture content during fruit development. Thus, the oil content and subsequently the time to harvest the fruit bunch can be determined from moisture measurements. It was found [3] that the amount of moisture content is higher at early stage of fruit development. The need to have excess water is reduced in the ripe fruit as the oil accumulates in the mesocarp. Up to approximately 14-15 weeks after anthesis, the amount of moisture content in fresh mesocarp is about 80% and decreases rapidly to about 30%-40% in the ripe fruit at 20-30 weeks after anthesis. The decrease in moisture content from 15 to 20 weeks after anthesis is almost the same rate with the accumulation of oil in the mesocarp. Therefore, the close relationship between the moisture and oil contents in mesocarp gives a possibility of using percentage of moisture content or fresh mesocarp as a parameter to gauge ripeness.
The measurement of moisture content using microwave method is widely known to be accurate and rapid. However, not all microwave techniques are suitable for single fruit measurements due to small sample size. The microstrip sensor based on attenuation measurement has been successfully used to determine the amount of moisture content in the oil palm fruits [4] . Unfortunately, the sensor requires laborious sample preparation where the fresh mesocarp of the oil palm fruit has to be separated from the nut and cut into small pieces and crumbled to form a semi-solid sample. In this work, a 4.1-mm outer-diameter (OD) coaxial sensor has been developed for the determination of moisture content in fresh mesocarp of the oil palm fruits. The quasistatic admittance model of the open-ended coaxial line is used to estimate the complex permittivity of the oil palm fruits in the frequency range between 2-4 GHz. Then, applying the dielectric mixture model, improved values of permittivity can be obtained iteratively when the calculated values of moisture content agrees with the experimental values of moisture content found from standard oven drying method.
II. BASIC PRINCIPLES

A. Admittance Model
The relationship between the normalized admittance and reflection coefficient of open-ended coaxial sensor can be written in the form (1) The normalized admittance [5] consists of the normalized conductance and susceptance (2) where
1530-437X/$20.00 © 2005 IEEE where is the dielectric constant of the material filling the coaxial line, is the dielectric constant in the external medium, and are the inner and outer radius, respectively, and is the free space propagation constant, is the Bessel function of zeroth order, and is the sine integral. Equations (3) and (4) can be approximated by the first terms of the series expansion [6] (5) (6) where and are the series expansion coefficient of normalized conductance and normalized susceptance, respectively. In this study, the aspect ratio . To take the higher order modes into the formulation, the expansion constants and [7] where
where , , and parameters were added to provide more degrees of freedom for the optimization. The parameters , , and are optimized until the admittances calculated using (2) give the best match to the measured admittances of different materials of known permittivities in the range between 1 and 80. In this work, the materials are air, Teflon, methanol, and water giving , , and in the frequency range between 2-4 GHz.
The complex permittivity can be estimated from (2) by minimizing the difference between the measured or and the calculated value of or using error function (9) where and are the real and imaginary parts of the measured reflection coefficient, respectively. In (9), the real and imaginary parts of calculated reflection coefficient are represented by and , respectively.
B. Dielectric Mixture Model
The dielectric properties of the fruit mesocarp can be predicted using the mixture theory [8] (10) where , , and are the volume fractions of water, fiber, and oil, respectively, and , , and are the corresponding complex permittivities. The values of are obtained from the Cole-Cole model [9] . As the oil mesocarp consists of only three components water, fiber and oil, then (11) which assumes a constant fiber percentage is 16% of a developing fruit [10] . Since is constant, the volume fraction of oil can be obtained if is known. The relative moisture content, of the oil palm mixture, in percentage (wet basis), is defined as [11] (12) where , , and are the mass of water, mass of oil and mass of the fibrous material in the mixture, respectively. Equa- tion (12) can be written in terms of density and volume as follows:
The substitution of (11) in (13b) yields (14) The calculated values of samples moisture content were predicted by least-squares method. Similarly, with previous work, that minimizes the difference between the raw complex permittivity obtained using the quasistatic model of (2) with the (10). The criterion solution based on general absolute error function (15)
III. MATERIALS AND METHODS
The sensor was constructed from a 12.7 12.7-mm square flange, SMA stub contact panel. The stub was machined flat and polished. The inner and outer diameters of the PTFE filled, coaxial line sensor are 1.3 and 4.1 mm, respectively. The four holes of the square flange was filled with silver loaded epoxy to minimize fringing fields. Sampling was done on fruits of various degree of ripeness from the various bunches. Twenty bunches of tenera variety from different oil palms ten years old were selected from the university farm for this study. To avoid interfering with the normal maturation process, the proper choice of sampling would be from the outer fruits around the equatorial of the bunch. In addition, abnormal, not fully developed, dry, and rotten fruits were not considered. The surface of the fruit was wiped dry to free excess surface moisture. Part of the fresh mesocarp of each fruit was sliced in the longitudinal direction to ensure good contact between the surface of the mesocarp and the open-ended coaxial sensor as illustrated in Fig. 1 . Fig. 2 shows the flow diagram to calculate the complex permittivity from the measured reflection coefficients using a HP8720B vector network analyzer (VNA) in the frequency range between 2-4 GHz. The VNA was calibrated by implementing a standard full one-port calibration technique at the connector end of the coaxial cable. The calibration plane was then extended to the sensor aperture by defining air as the open standard, with a copper plate as the reflect standard and water as the load standard. All microwave measurements of fruit samples were done at 26 C. The samples were then dried in a forced-air oven for four days at 105 C for moisture content determination on a wet basis.
The improved quasistatic model [7] was employed to calculate the values of complex permittivity of the sample from the measured reflection coefficient using a root finding method.
The permittivity values were then fitted to a dielectric mixture model (10) by the least-squares method to predict the amount of moisture content in the oil palm fruit. Further, a regression analysis was carried out to establish the relationship between the predicted and measured values of the amount of moisture content. Finally, the optimized values of moisture content were used to determine the complex permittivity values using the mixture model. The reliability of the permittivity results was further checked with the commercial HP85070B coaxial probe [12] .
IV. RESULTS AND DISCUSSION
The values of moisture content of fruits were initially estimated from the combined mixture model and improved admittance quasistatic model of an open-ended coaxial line. The values were then compared with the measured values of moisture content obtained from oven drying method as shown in Fig. 3(a) . The relationship between the estimated and measured values are best represented by the equation (16) where and are the estimated and measured percentage values of moisture content, respectively. Equation (16) has been used to determine the amount of moisture content in the oil palm fruits for 70 different fruit samples shown in Fig. 3(b) and were found to be accurate within when compared to oven drying method.
The values of moisture content found from (16) using 4.1-mm OD coaxial line were inserted into the mixture model to determine the complex permittivity values at various frequencies as shown in Figs. 4 and 5. Also shown in the figures are the variations in the real and imaginary parts of permittivity from the mixture model and the commercial HP85070B probe kit with moisture content obtained from oven drying method. As expected, the 4.1-mm OD coaxial line results are in good agreement with the mixture model as the permittivity values were calculated based on the mixture model which takes into account of the contribution of the oil, water, and fiber components but using (16) to determine the moisture content. In contrast, the HP85070B probe assumes that the sample is homogeneous when calculating the values of permittivity from measured reflection coefficients. The assumption of a linear, isotropic, homogeneous medium of quasistatic admittance model when using an open-ended coaxial sensor for determination of permittivity of nonhomogeneous material is not accurate. For anisotropic materials such as oil palm fruits, wave polarization has to be taken into account [13] . The values of the magnitude and phase of the reflection coefficient for parallel and perpendicular polarization are not similar, which in turn yield different permittivity values in different direction. In addition, the effects of higher order modes and air gap between the sample and sensor are not considered in the admittance model. Thus, the inaccuracy of the admittance model can be reduced by applying optimization to a known dielectric model.
The effect of the relative error in the determination of moisture content on the calculated permittivity can be simulated using (16). It was found that the relative errors in permittivity and are almost linearly related to the relative error in moisture content as shown, for example at 2.6 GHz, in Fig. 6 .
The use of open-ended coaxial sensor for the determination of complex permittivity of nonhomogeneous material can be further improved by using more accurate dielectric models. The computational procedure to calculate the permittivity given in Fig. 2 can be extended easily to any nonhomogeneous material by choosing suitable dielectric model. Improved accuracy of the mixture model demands calculation of the correct shapes and fields at particle levels in the fruit sample. The use of multiscattering theory combined with correlation functions is known to be accurate in predicting mixture properties in the more general case of the nonrandom, nondilute mixture of oil palm fruit. Unfortunately, the multiscattering theory is too computationally extensive and demands many assumptions regarding the statistical nature and geometry of the inclusions.
V. CONCLUSION
An open-ended coaxial technique suitable for measuring the dielectric properties of oil palm fruits has been developed and tested. The dielectric properties are calculated using a combined quasistatic admittance model and dielectric mixture model. The technique allows a fast method to determine the amount of moisture content in oil palm fruits. Moisture measurements using the sensor do not offer the accuracy of the time-consuming standard oven drying method but is suitable for a fast, first quality check of fruit ripeness. A portable microwave measurement system shall be constructed in the near future to replace the VNA for in situ measurements.
